Thin films of Y 2 Zr 2 O 7 were grown via pulsed laser deposition (PLD) on substrates of MgO(110), Al 2 O 3 (0001) and Al 2 O 3 (1 % 102). Electrical properties were investigated via electrical impedance spectroscopy. Unexpectedly, the ionic conductivity is not affected by the microstructure; only minor differences in conductivities and activation energies were measured between epitaxial thin films (on MgO) and textured thin films (on Al 2 O 3 , both orientations). This indicates the grain boundaries of such a material to only marginally block the oxygen vacancy transport. Starting from these results, epitaxial multilayers of Y 2 Zr 2 O 7 and 8 mol% yttria-stabilized zirconia with same overall thickness (between 60 and 70 nm) and different number of interfaces (from 1 up to 9) have been deposited on MgO(110) and the role of the residual compressive strain on the electrical properties has been investigated by means of XRD analysis and impedance spectroscopy. The results, showing no effect of the strain field on the ionic conductivity, indicate the negligible effect of the compressive strain on the ionic transport properties of the material.
Introduction
Ionically conductive interfaces can have properties substantially different from the starting bulk materials, as demonstrated by many examples in the literature. 1 Both grain boundaries and heterogeneous interfaces have a significant influence on the ionic conduction of the materials. In this context thin films are particularly useful to investigate boundaries and interfaces, since they allow for the investigation of properties not easily accessible in ceramics. 1, 2 The effect of the grain boundaries on the ionic conduction has been extensively studied in fluorite-structured materials with low dopant content, e.g. Gd-doped ceria and yttria stabilized zirconia (YSZ) both thin film and ceramic. [3] [4] [5] [6] [7] Even if the amount of impurities such as silica is minimized, the grain boundaries of these materials hinder the ionic conduction with respect to the bulk, due to space charge effects occurring as a consequence of an excess positive charge in the grain boundary core. 8 It has recently been reported how the grain boundaries conductivity is strongly affected by the solute concentration, while the effect of the structural character is less relevant; in calcium doped CeO 2 for instance the grain boundary conductivity increases of two orders or magnitude increasing the solute concentration to 40 mol%. 9 In highly doped materials instead, the effect of the grain boundaries on the ionic transport has not been so largely characterized. Generally the increase of doping content above the optimal value (5 mol% Gd 2 O 3 -doped CeO 2 and 8 mol% Y 2 O 3 -doped ZrO 2 ) leads to a decrement of the ionic conductivity and increment of the activation energy in the bulk of the materials, due to the reduced mobility of oxygen vacancies. 10, 11 Moreover, in the case of high dopant concentration the approximation of a dilute solution is not valid anymore and the space charge model generally used cannot be applied. This was also noticed in various studies which reported disagreement between the calculated and observed extension of the accumulation/ depletion layer. [12] [13] [14] A novel and more inclusive approach was presented in the last years which combines the classic Poisson-Boltzmann with the Hillard-Cahn model. 15 In the case of heterointerfaces such as the ones in multilayers of different alternated oxides, various effects can contribute to modify the ionic transport properties of the materials, i.e. strain effect 16, 17 or space charge effect. 18, 19 The impact of strain effect has attracted much attention in the past years. Strain in thin films is known to have a significant effect on the ionic transport properties of materials according to thermodynamics considerations, 20, 21 which relate a tensile strain to a beneficial effect on the ionic conductivity while, on the contrary, a compressive strain leads to a decreased ionic transport. [22] [23] [24] [25] According to DFT simulations, possible cations segregation at the film interface can counterbalance the diminished migration barrier at interfaces under tensile strain, while for compressive strain the migration barriers is increased. 26 In the literature are reported mostly studies on the effect of tensile strain on the ionic conductivity, in particular on YSZ and GDC, whose outcomes are somewhat erratic. 27, 28 For example the system of multilayers of YSZ/Sc 2 O 3 , YSZ/LuO 3 and YSZ/Y 2 O 3 studied by Korte et al. 22 showed an improvement of the conductivity resulting from the variation of the mismatch from compressive to tensile. A similar effect has been observed in YSZ/Gd 2 Zr 2 O 7 multilayers, with an increased ionic conductivity attributed to the tensely strained YSZ layer. 29 More recently, further studies pointed out instead the marginal effects of the lattice tensile strain on the ionic transport of epitaxial multilayers of CeO 2 /8YSZ and GDC single layers. 30, 31 Investigations on the role of compressive strain are rather limited. Moreover, as pointed out by Shen et al., 32 particular attention has to be addressed to the actual residual strain in the sample, which is not only dependent on the lattice mismatch between the layers but also on the thickness of the sample, and on the possible formation of dislocations as well as other structural modifications occurring at the interface between film and substrate or between single layers in a multilayered sample. These effects can overlap and a detailed study is required to extrapolate the single contributions to the overall transport properties.
In this context, in order to investigate the ionic transport properties of a highly doped material and its dependence on the microstructure, we studied Y 2 Zr 2 O 7 single layers grown on different substrates (MgO, Al 2 O 3 ) and, in order to address to the effect of strain, multilayers of Y 2 Zr 2 O 7 and 8 mol% -yttria stabilized zirconia (8YSZ) have been investigated.
We note that oxides with the general formula A 2 B 2 O 7 encompass both the defective fluorite and pyrochlore structure. These structures are closely related, but, while in the first one cations and oxygen vacancies are randomly distributed as in a highly doped fluorite, in the pyrochlore structure all atoms occupy specific lattice positions. 33, 34 The ratio between the ionic radii of cations seems to be a key parameter for determining the crystallographic structure of the compound. 35 In the case of Y 2 Zr 2 O 7 , the defective fluorite structure prevails and hence such an oxide can be treated as a highly doped yttria stabilized zirconia. Experimental Y 2 Zr 2 O 7 oxide powder was prepared starting from ZrO(NO 3 ) 2 hydrate (Sigma Aldrich 99.99%) and Y(NO 3 ) 3 hydrate (Alpha Aesar 99.99%). The exact amount of water in the powder was determined by thermogravimetry analysis. The reactants were heated in synthetic air (20% O 2 + 80% N 2 ) up to 800 1C with a heating rate of 5 1C min À1 . This analysis allowed also for identifying the suitable temperature for the calcination process to remove the glycerol (see below).
The final oxide powder was obtained by heating and combusting the water solution of the two nitrates and 5% v/v of glycerol followed by calcination at 800 1C for 5 hours. Chemical analyses on the powder have been performed by inductively coupled plasma optical emission spectrometry (ICP-OES, Ciros Spectro Analytical Instruments GmbH).
Ceramic pellets used for the conductivity measurements were uniaxially pressed at 450 MPa and sintered in air at 1700 1C for 10 hours. The density after sintering was 4.00 g cm À3 calculated with geometrical method (relative density 73%). The target for the pulsed laser deposition was pressed uniaxially (160 MPa) and sintered at 1700 1C for 10 hours in air.
Thin films were grown by PLD, using an excimer laser with wavelength of 248 nm (Coherent GmbH, Germany) on different substrates (MgO(110), Al 2 O 3 (0001), Al 2 O 3 (1% 102)) of size 10 Â 10 Â 0.5 mm 3 (Crystec GmbH) using the same parameters published elsewhere. 36 The energy density on the target was 1.5 J cm À2 , with a pulse frequency of 5 Hz. The distance between target and substrate was 43 mm. During the film deposition the oxygen atmosphere was kept at 0.001 mbar and the temperature at 660 1C (measured on the surface of the substrate with a pyrometer by Heimann optoelectronics model KT19.99). After deposition the samples were annealed in pure oxygen (pO 2 = 1 bar) at the deposition temperature for 30 minutes. Multilayers of Y 2 Zr 2 O 7 (lattice parameter, a = 5.23 Å) and 8 mol% yttria-doped zirconia (YSZ) (lattice parameter, a = 5.14 Å) were prepared using the same deposition conditions with a laser fluency of 3 J cm À2 .
For the X-ray diffraction (XRD) analysis a Bruker D8 Diffractometer (Cu-K a radiation, wavelength of 1.5418 Å) was employed. The texture of the thin films was investigated using XRD pole figures analysis performed with a Philips X'Pert XRD diffractometer (Co-K a radiation, wavelength of 1.78897 Å). The j and c scan were recorded for 2 defined 2y angles, namely at 40.501 and 69.01. The software Carine 3.1 was employed to predict the peaks position of the selected plane along the angle c and their multiplicity.
Reciprocal space maps on single layers and multilayers were obtained employing a PANalytical Empyrean diffractometer.
Two different electrode configurations have been used in this study to characterize the electrical transport properties: (i) two planar platinum electrodes (about 400 nm thick and 4.5 Â 10 mm 2 large) sputtered on the top of the films, or (ii) two vertical platinum electrodes (perpendicular to the substrate), which were deposited after having etched off part the films down to the substrate by argon ion milling (Roth and Rau Unilab etching machine) as illustrated in Fig. 1 .
The electrical properties were measured using an impedance spectrometer (Novocontrol Alpha-A High Performance Frequency Analyzer) operated at frequencies ranging between 2 MHz and 0.02 Hz by applying an A.C. voltage of 0.1 V. Impedance spectra were collected under oxidizing atmosphere; the pO 2 was monitored by a commercial oxygen sensor (Rapidox 2100, Cambridge Sensotec). The resulting spectra were analyzed with the software Zview2 (Scribner Associates, Inc.). The impedance spectra used for the determination of the electrical transport properties were acquired upon equilibration up to 40 hours at 500 1C and 8 hours at 700 1C at constant oxygen partial pressure while multilayers were exposed to a maximum temperature of 600 1C. For the analysis of EIS spectra of thin films, the capacitance of the films was not considered, since the parasitic capacitance deriving from the measurement set up and from the substrate typically overshades the film capacitance. Therefore, for the calculation of the electrical conductivity only the resistance determined by the spectra fit was used. 0001). Peaks from the sample holder were not always present in the measurement and were dependent on the offset used. XRD patterns of thin film grown on Al 2 O 3 (1% 102) were acquired after deposition of the electrodes, therefore also peaks stemming from platinum electrodes are visible.
Results and discussion
In some samples a second weak peak corresponding to the (200) orientation has been observed. For the samples grown on MgO(110) (Fig. 2c ) only the orientation (220) can be detected while the corresponding pole figures exhibit only two peaks at c = 451, indicating perfectly epitaxial thin films ( Fig. 3a ). It is interesting to note that the films grown on the alumina substrates exhibit peaks belonging to two different orientations despite their smaller mismatch compared to MgO(110) (ranging between 10% and 15% on the two different Al 2 O 3 substrates and amounting À23% on MgO). The result is consistent with the pole figures measurement, where the two distributed intensity along the f axis, at c = 541, indicate a textured in-plane alignment of the grains (Fig. 3b ). The peaks are repeated every 1201 along j according to the threefold symmetry of the (111) plane. The intensity at c = 381 instead does not originate from the Y 2 Zr 2 O 7 phase but from to the (104) plane of the substrate. The less intense signals visible in the pole figures are instead attributed to the background. AFM analysis of the film surfaces (not shown here) allowed for the determination of a very low surface roughness, comparable to the size of a unit cell for both the textured and the epitaxial samples (4.65-5.21 Å).
As far as the heterostructures are regarded, the XRD analysis ( Fig. 4 ) reveals two peaks for the bilayer, while for the other heterostructures, the peaks are split in first order satellites peaks (labelled as SL 1 and SL À1 ), which results from interference effects due to the high density of interfaces. As the angular spacing of the satellites peaks depends on the thickness of the layers referring for both the YSZ and Y 2 Zr 2 O 7 layers to the same order peak, one can write 37 where L is the thickness of the constituting Y 2 Zr 2 O 7 /YSZ unit, l Cu the radiation wavelength (here the Cu K a radiation), y 1 and y 2 denote the angular spacing of the satellite peaks obtained from the XRD patterns. The position of the satellite peaks have been calculated by fitting the experimental data with a Pearson type VII distribution function. 38 The effective real thickness of the layers obtained from the XRD patterns are 11.8 nm for the 5 interfaces sample (indicated as 5 Â (10 + 10)) and 6.8 nm for the 10 interfaces sample (10 Â (5 + 5)). Therefore, the total thickness is estimated to be about 60 nm for the 5 Â (10 + 10) multilayer and about 70 nm for the 10 Â (5 + 5). Although the total thickness of the bilayer sample could not be directly calculated from the XRD data due to the obvious lack of interfaces, we could estimate it from the number of deposition pulses and the growth rate of the two oxides to be about 60 nm. Reciprocal space maps on single layers and multilayers were obtained around the YSZ(331), (33% 1), (420) and (240) reflections (Fig. 5 ). The in plane and out of plane momentum transfers can be separated considering that the reflection (420) is constituted by the sum of the vectors (330) and (1% 10); while the (331) is the sum of (330) and (001) vectors.
In Fig. 5a and b are shown the reciprocal space maps around the reflections (33% 1), of a single layer of Y 2 Zr 2 O 7 (70 nm thickness) and a single layer (60 nm thickness) of YSZ respectively, all grown epitaxially on MgO(110). The elongated shape of peak along the in plane momentum transfer direction is related to the presence of defects in the sample. Since the TEM analysis (reported in ref. 36 for a Y 2 Zr 2 O 7 single layer) confirmed the absence of grain boundaries or mosaic microstructure, such effect is attributed to the high density of misfit dislocations at the interface.
Both the in-plane Q x and out-of-plane Q z momentum transfers show an almost complete relaxation of the strain deriving from the mismatch with the substrate. Notably, for the YSZ thin film, the comparison with the values of interplanar distance reported in literature (ICDD: 01-082-1246) reveal an out-ofplane value along the [110] direction of +0.5%, while in plane an average (compressive) strain of À0.9% is found. Such an outcome is qualitatively expected since it corresponds to the situation, according to which the substrate MgO(110) having a smaller lattice parameter keeps the film under in-plane compressive strain. Such an in-plane compression demands an expansion in the perpendicular direction in agreement with expected Poisson ratio.
A similar situation (although to a different extent) holds also for the Y 2 Zr 2 O 7 thin film. Here, the in-plane compressive strain is equal to À0.4%, while along out-of-plane direction the strain is 0.3%.
The reciprocal space map around the (420) reflection of the 5 Â (10 nm + 10 nm) multilayer (Fig. 5c ) clearly exhibits satellite peaks stemming from the periodicity of the system. In this case, it is not possible to separate YSZ and Y 2 Zr 2 O 7 in-plane contributions, due to the very similar lattice parameters of the two materials. Nonetheless, the out-of-plane lattice parameters could be estimated by simulating the intensity profile of a stack of ([YSZ] 20 [YZO] 20 ) 5 . This indicates an out-of-plane lattice expansion of +0.4% suggesting that also the multilayers are kept under in-plane compressive strain by the substrate as observed in the single layers.
Also in this case the broadening of the peaks can be attributed to a high density of extended defects perpendicular to the interface, most likely misfit dislocations at the interface to the substrate. In this context, the Scherrer's formula cannot be directly used to calculate the average distance between the dislocations since the peak broadening depends also on the intensity of the Burgers' vector of the dislocation and the relative orientation of between the Burgers vector and line dislocation. 39 Nevertheless the difference in the peak broadening between the single layers suggests a different density of misfit dislocation in the samples. In particular, it indicates a larger misfit density in the single layer of YSZ compared to the Y 2 Zr 2 O 7 single layer and the multilayers.
Electrical measurements
Single films. Let us first consider the electrical transport properties of the pellet. As shown in Fig. 6a only one contribution stemming from the sample can be recognized in the impedance Nyquist plot and therefore the impedance spectra are fitted using an equivalent circuit consisting of an electrical resistance in parallel with a constant phase element Q, which is defined as C = (R 1Àn Q n ) 1/n with C being the capacitance, R the resistance and n an additional fitting parameter. The second contribution is instead stemming from the electrode. In the light of the resulting relative permittivity (C = 8.4 Â 10 À12 F and e r B 30) this contribution can be attributed to the bulk behavior indicating that within the whole temperature range the grain boundaries seem not to hinder the ionic transport (oxygen vacancies). Also the spectra acquired from the single thin films (Fig. 6b and c) exhibit only one semicircle. This is expected as, owing to the experimental setup configuration, the resulting stray capacitance exceeds the bulk and grain boundary capacitances by orders of magnitude. 40 For this reason, it is not possible to distinguish bulk from grain boundary contribution, and the impedance spectra are fitted using the same equivalent circuit as the one shown above.
The resulting electrical conductivity and activation energy data are summarized in Fig. 7 and Table 1 . It is evident that not only textured and epitaxial films ( Fig. 7a) but also epitaxial and polycrystalline samples (Fig. 7b ) exhibit very similar electrical conduction properties suggesting that the microstructure (i.e. the presence of grain boundaries) only marginally affects the ionic transport. It is worth comparing these results with literature data obtained from YSZ thin films. For example, Peters et al. 41 observed variation of one order of magnitude in the conductivity of Y 0.17 Zr 0.83 O 1.91 thin films (from 10 À2 S cm À1 to 10 À3 S cm À1 at 700 1C) by varying the grain size from about 40 nm to 150 nm in 400 nm thick layers deposited by sol-gel method. Similarly, Schlupp et al. 42 measured a conductivity decrease of more than 1 order of magnitude (from 8 Â 10 À5 S cm À1 to 1 Â 10 À6 S cm À1 at 400 1C), together with an activation energy increase of 0.3 eV when comprising columnar grown with nanocrystalline thin films of 8YSZ deposited via chemical vapor deposition.
These results allow one to conclude that compared to a parent system (8YSZ), the grain boundaries in Y 2 Zr 2 O 7 do not hinder the oxygen vacancy transport. To the best of our knowledge there are no studies about grain boundary contribution to the ionic conductivity in zirconate pyrochlores or defective fluorite thin films in the literature whereas a markedly blocking effect of the grain boundaries has been noticed in pyrochlore ceramics with the composition (Sm 1Àx Y x ) 2 Zr 2 O 7 with 0 r x r 0.5 43 and GdSmZr 2 O 7 . 44 We note that as expected for a defective fluorite, both the films and the pellet do not show any conductivity dependence on the oxygen partial pressure in the range between 1 and 10 À4 atm at 700 1C (cf. Fig. 7c and d) .
Multilayers. As for the temperature dependence of the conductivity of the multilayers, they are shown in Fig. 8 together with the data acquired from epitaxial single films as reference.
It is noteworthy that the conductivity and activation energy values for the single layer of YSZ are in agreement with literature values: Joo et al. 45 reported a conductivity of 3 Â 10 À3 S cm À1 at 600 1C, in this work the measured conductivity is 2.9 Â 10 À3 S cm À1 and an activation energy of 1.01 eV for a YSZ PLD-film of 0.6 mm thickness.
In absence of interface effects (e.g. space-charge or strain), the multilayer systems considered here can be treated as a set of resistances in parallel, each of which corresponding to a single layer. The expected total conductivities can be calculated according to Kirchoff's law starting from the conductivities of the constituting oxides. In this way, we estimate a conductivity of the multilayers of 1.5 Â 10 À3 S cm À1 at 600 1C.
The actual experimental values measured at 600 1C are: 1.7 Â 10 À3 S cm À1 for the 10 Â (5-5) multilayer, 1.5 Â 10 À3 S cm À1 for the 5 Â (10-10) multilayer and 1.8 Â 10 À3 S cm À1 for the bilayer. Such a small difference between the expected and the measured values indicates that the conductivity of the heterolayers is neither varied by the number of interfaces nor by the different thicknesses of the single constituting layers, meaning that neither space charge nor strain effects modify the ion transport properties compared to the bulk situation. Consistently, also the values of the activation energy vary only marginally (from 1.08 eV for the bilayer to 1.10 eV for the 5 Â (10-10) and 1.14 eV for the 10 Â (5-5) samples).
From thermodynamic considerations, it has been calculated that the strain alters the ionic transport and its effect is proportional to the mismatch between layers (this is strictly valid only for epitaxial systems). 27 Here, however we recognize that even in perfectly epitaxial systems with high quality of the interfaces (confirmed by XRD analysis) below the critical thickness, where the strain is not released through onedimensional or two-dimensional defects, the substantial residual strain field (compressive in-plane and tensile out-ofplane) does not result in any perceptible variation of the oxygen ion transport.
To the best of our knowledge, there are no theoretical studies in literature on the effect of compressive strain on the ionic conductivity of YSZ. Nonetheless if we refer to studies on the effect of tensile strain on the ionic transport of YSZ (as the work by Kushima and Yildiz 25 ) and assume a symmetric effect in the case of a compressive strain, our results are in qualitative agreement with the literature. The authors reported an increasing effect of the strain on the hopping barrier of oxygen vacancies up to a strain of 4% with such an effect being more pronounced at lower temperatures. It is worth noticing that, not only the trend of an increasing effect on the activation energies with increasing strain is in agreement with our observation, but also the variation of the activation energy (calculated for less than 1% strain) being close to 0.1 eV is consistent with our experimental findings. For the sake of completeness, we note that our results are however not in line with the observations of Li et al., 29 who detected a different behavior for their multilayered Gd 2 Zr 2 O 7 and YSZ heterostructures grown on Al 2 O 3 with a variable number of interfaces. In that study, the authors measured a substantial variation of the ionic conductivity (an increase of 2 orders of magnitude when moving from 10 to 20 interfaces) for a lattice mismatch of about 3%, while no information was given on the activation energy. It is arduous to rationalize such a discrepancy, since it might well depend on different procedures of the sample preparation that might lead to nominally similar samples but having different microstructures and/or strain situations. In this work, we took carefully into account the microstructure and real residual strain of the multilayers, observing that secondary effects stemming from grain boundaries and misfit dislocations can be excluded to be present in our multilayered samples.
Conclusions
Y 2 Zr 2 O 7 thin films have been successfully grown on various substrates (MgO(110), Al 2 O 3 (0001), Al 2 O 3 (1% 102)) by pulsed laser deposition. The study of their electrical properties (impedance spectroscopy) at different temperatures and oxygen partial pressure shows that these are only marginally affected by their orientation and microstructure, since the ionic conductivity variation amounts only a factor two between epitaxial (on MgO(110)) and polycrystalline thin films (on Al 2 O 3 (0001) and Al 2 O 3 (1% 102)).
Heterolayers of YSZ/Y 2 Zr 2 O 7 with different number of interfaces were characterized to investigate the role of strain on the ionic conductivity of YSZ. A combined study relying on the determination of the residual strain field in the multilayers and on the evaluation of their ionic transport properties did not reveal any perceptible effect of strain on the oxygen vacancy transport. Such a finding may be interpreted in term of a mutually compensating effect between the deleterious compressive in-plane strain and the beneficial tensile out-of-plane strain resulting from the substrate MgO(110) with a smaller lattice constant compared to YSZ and Y 2 Zr 2 O 7 .
